The source process of the 1995 Kobe earthquake is determined using teleseismic body waves. The source parameters obtained for the total source are: focal mechanism [strike, dip. rake] equal to [233 , 86 . 167 ], nearly pure strike-slip with an EW compression axis: the seismic moment, M 0 = 2.5 x 10
I. Introduction
At dawn on January 17, 1995 (5:46:52 a.m. Japan local time), a violent earthquake struck the port city of Kobe and its surrounding areas in western Japan (Fig. I ). This earthquake was named the "Hyogoken Nanbu (Southern Hyogo Prefecture) earthquake" by the Japan Meteorological Agency (JMA), but here it is referred to as the Kobe earthquake. The hypocentral parameters given by JMA were: origin time=95/0l/17 05:46:52 JST (95/01/16 20:46:52 GMT); epicenter=(34.61° N, 135.04° E); depth 14.3 km; magnitude (M 1 )=7.2.
This was one of the most damaging earthquakes in the recent history of Japan. According to the official announcement, the casualty toll reached 5,502 dead, 2 missing, and more than 41,000 injured. It was recognized later that more than 500 people who had been receiving treatment at hospitals died shortly after, so the overall death toll exceeded 6,000. More than 80,000 houses and buildings were destroyed, and nearly I 00,000 were damaged. The total financial loss including the damage to roads, harbor facilities, electricity, gas, water, and telephone utilities, rivers, and schools was estimated to be 9,600 billion yen (nearly $100 billion).
In this paper we investigate seismic data to determine the source characteristics of this earthquake with the hope of gaining insight into the cause of the very heavy damage inflicted in the city of Kobe.
Waveforms at a Regional Network of Broadband Seismographs
The regional broadband network of the Yokohama City University (YCU) and the National Research Institute for Earth Science and Disaster Prevention (NIED) in the southern Kan to district recorded large amplitude waves generated from this earthquake. at three stations of this network and MAJO of the IRIS network. The waveforms are converted into ground motion displacements. As seen from this figure, MAJO is close to the P-wave nodal plane. The narrow-band records arc also shown in Fig. 2 , where the components with frequencies of less than 0.2 Hz arc filtered off. The JMA magnitude is currently determined by means of displacement seismographs with a natural period of 5-6 s, using the relation:
where A is the peak amplitude measured in µm and Ll is the epicentral distance in km. Substituting the values of A and Ll given in Fig. 2 into the above, we obtain M 1 =6.9 ± 0.1. However, since the epicenter was nearly 400 km from the southern Kanto network, these regional networks alone could not determine more detailed source parameters, and data from teleseismic stations were required.
Teleseismic Body Wave Inversion
We collected the broadband seismograms recorded by the IRIS network and chose the stations at distances between 30c and 100' as shown in Fig.  3 . The azimuthal coverage is fairly good. The records were converted into ground motion displacement and bandpassed between 2 mHz and I Hz. We used 38 body wave records (vertical P-and SHcomponents) observed at 22 stations. The station parameters are given in Table I . We inverted these records into a sequence of point dislocation sources by means of the iterative deconvolution method of Kikuchi and Kanamori (1991 ) . P-wave records as well as the SH-wave polarity at several stations are displayed in Fig. 3 . Most of the P-waves consisted of a few pulses with durations of about 5 s and the relative height of the pulse sequence varied from station to station. This suggests that the earthquake source consisted of a few discrete subevents with different mechanisms. Therefore, in the inversion of teleseismic body waves, we allowed the mechanism to change during rupture. In synthesizing waveforms, we used the standard Jeffreys-Bullen model both for the source region and for receiver sites. We first assumed a trapezoidal source time function and sought point dislocations at grid points along a horizontal line. We found that three sources were sufficient to produce a good waveform match between the observed and synthetic waveforms. We varied the source depth from 5 to 15 km with an increment of I km and obtained the best match for a depth of 8 km. Next, fixing the location and mechanism of the three point sources, we re-determined the Vol. 44, No. 5, 1996 individual source time functions by the least-squares method.
The final solution obtained is given in Table 2 . Three subevents are located on a line striking NE-SW; the first one at the epicenter, and the second and third subevents about I 0 and 15 km northeast of the epicenter, respectively. The first and third subevents are nearly pure strike-slip with slightly different fault strikes while the second subevent is dip-slip with an EW compression axis. If the above locations of the subevents are taken literally, the result suggests a unilateral rupture propagation toward the NE, but the first subevent itself could have been bilateral.
In relative to the main shock suggests a southwestward rupture extension from the epicenter (Hirata. 1995; Yoshida, 1995) . Therefore, the first subevent was probably a bilateral rupture and the later subevents were unilateral propagating NE. Source durations obtained for the 1st, 2nd, and 3rd subevents are 5-6, 4-5, and 5-6 s, respectively. For rough estimation of the fault length, we assume that two-thirds of the source duration is allotted for rupture propagation, and put 4, 3, and 4 s as the rupture times of the successive three subevents. Then, assuming that the rupture velocity (v) is 3 km/s, rigidity(µ) is 30 GPa, and aspect ratio (length/width) is 2, we estimated the fault area, dislocation, and stress drop for the individual subevents. The results are given in Table  2 . The tensorial sum of the three double-couples yields a moment tensor with a slight non-doublecouple component. The best matching doublecouple mechanism is [strike, dip, rake] equal to [233°, 86°, 167°], nearly a pure right-lateral strikeslip, with seismic moment of M 0 =2.5 x 10 19 Nm (Mw = 6.9) and a non-double-couple component of 3.7%. The source duration (rupture time plus dislocation rise time) is T = 11 s, and the total length of the fault is estimated as: (Nakata et al., 1995) . It should be mentioned, however, that the rupture velocity of v = 3 km/s is somewhat larger than the value usually used for shallow earthquakes: 2.0-2.5 km/s. If we use v 2.5 km/s, then the fault length becomes L=20+7.5+10-5::::;33km. Although this estimate is significantly smaller than the length of the aftershock zone. it cannot be ruled out since the aftershock area docs not necessarily coincide with the co-seismic rupture area. If v 2.5 km/s, the fault area should be multiplied by a factor of 0.8, the slip by 1.3, and the stress drop by 1.4. In what follows, we adopt the former source parameters as given in Table 2 .
The spatio-temporal distribution of faulting is shown in Fig. 4 . The resultant synthetic waveforms are compared with those actually observed in Fig.  5 . The major features of the observed waveforms were satisfactorily reproduced with the synthetic waveforms of all stations. The normalized variance is 32%. Figure 4(a) shows the source time functions for the three subevents as well as for the total source. More than two-thirds of the total seismic moment was released by the first subevent. In drawing the fault trace in Fig. 4(b) , the epicenter determined by JMA is adopted and the estimated fault length together with the fault strike are taken into account. The spatial resolution in the present inversion is about 5 km. which corresponds to a time resolution of I s. The shaded zone in Fig.  4(b) indicates the uncertainty of fault trace location. The cross section of the fault plane in Fig. 4(c) drawn so that the average depth is 8 km. a dip-slip mechanism, is marginal in the sense that a similar contribution could be resolved into dipslip components of the 1st and 3rd subevents.
In order to check the significance of the second and third subevents, the contributions from these fault segments to the synthetic waveforms were investigated. Figure 6 compares the synthetic waveforms computed for one, two and three fault segments with the observed waveforms. The normalized variances are 59, 45, and 32% for cases 1, 1 +2, and 1+2 + 3 subevents, respectively. It is clear that the first subevent alone cannot explain the later portion of the observed records. The third subevent is certainly needed to improve the waveform match, while the significance of the second subevent, with
Discussion
The extent of co-seismic rupture of this earthquake is a matter of considerable debate. A surface rupture was observed over nearly 10 km of the Nojima Fault on Awaji Island, while no distinct surface fault was found near the Kobe area on the mainland (Nakata et al., 1995) . On the other hand, the aftershock area covers a linear zone extending beyond Kobe City. Another remarkable observa- tion is that the most heavily damaged zone in Kobe City is slightly shifted to the south from the aftershock zone (Shimamoto, 1995) . The questions are: (I) Did the buried fault break as far NE as the Kobe area? (2) If it did, is it the main fault connected to the previously mapped surface Quaternary faults? (3) Can we pinpoint the fault trace and relate it to the aftershock zone and the heavily damaged zone? For question (!), our analysis shows that the fault did reach the Kobe area. Regarding question (2), there is no evidence that any of the known Quaternary surface faults moved during the earthquake, but the aftershock area coincides with the zone of these Quaternary faults. Threfore, it is reasonable to think that the buried fault is the principal fault and the mapped Quaternary faults are the secondary faults splaying out to the surface; during the Kobe earthquake, slip occurred only on the buried portion of the fault. Question (3) is critically important for understanding the spatial distribution of the damaged area. The spatial resolution of our teleseismic analysis is too limited to determine the details, but we believe the directivity toward Kobe determined from our analysis is one of the main factors responsible for the heavy damage.
Since the first subevent probably ruptured southwest too, there must be significant directivity toward Awaji Island. However, the relatively light damage on A waji Island as compared with that in the Kobe Vol. 44, No. 5, 1996 area is probably due to differences in other factors such as the total population and types of structures.
The source parameters such as moment magnitude (Mw=6.9), rupture extent (L~40km), and stress drop (Llu 8 MPa) indicate that the Kobe earthquake was a typical shallow inland earthquake. In Japan, three major inland earthquakes have occurred since 1927: the 1927 Tango earthquake (M 1 7.3, L1u=l2MPa); the 1943 Tottori earthquake (M 1 =7.2, L1u=8 MPa); and the 1948 Fukui earthquake (M 1 =7.1, Llu=IOMPa) (Kanamori, 1973 ) . The locations of these earthquakes are shown in Fig. I . They are very similar in size and mechanism (nearly pure strike-slip).
Our study demonstrates that a rapid analysis of broadband teleseismic data which have become available thanks to recent developments in seismographs, data acquisition systems, and computer networks enables us to determine important source characteristics such as the size, mechanism, and rupture directivity of earthquakes. As we have shown above, directivity has an important bearing on the extent and pattern of damage; therefore, this type of study is capable of playing an important role for rapid emergency operations immediately after a damaging earthquake. In principle, real-time regional networks arc probably more important for this purpose, but to take full advantage of regional networks a method to handle the source finiteness adequetely needs to be developed. Such a method
docs not yet exist. Therefore, the combined use of regional networks and teleseismic networks, as we have demonstrated in this study, will continue to be important for assessing the overall social impact of an earthquake in the very early stage of sequence.
